Intraperitoneal injections (ip) of cadmium chloride (CdCl 2 ) cause a marked and prolonged reduction of spermatogenesis, accompanied by increased permeability of the blood-testis barrier. Because the permeability of the blood-testis barrier is regulated by Sertoli cell tight junctions, and tight junction organization is regulated by the cytoskeleton, we undertook to examine the effects of CdCl 2 treatment on intermediate filaments vemintin, and on the tight junction protein, occludin, adherens junction N-Cadhern and gap junction connexin 43 in seminiferous tubules. Three weeks old rats received (ip) low or high dose (1 mg or 2 mg/kg body weight) of either CdCl 2 solution or saline (control) for 6 days. After injection, testes were collected and prepared for routine histology or whole seminiferous tubule Immunocytochemistry staining, and the preparations were viewed by light and electron microscopy for histopathology and fluorescence microscope for Immunocytochemistry studies.
INTRODUCTION
Most animals with scrotal testes are susceptible to cadmium-induced testicular toxicity (King et al., 1999) . Although, only about 1-2 % of an acute cadmium dose is usually taken up by the testes, testicular toxicity is almost invariably evident. It has been reported that as low as 1-2 mg Cd/kg body wt. can cause testicular damage without pathological changes to other organs (Prozialeck et al., 2006) . Exposure to cadmium has been reported to reduce male fertility in both humans and rodents (Benoff et al., 2000) . Although cadmium is a well known testicular toxicant, its mechanism of toxicity on this organ has not been completely elucidated. Among the proposed mechanisms for its toxicity on the testes: circulatory failure due to vascular at dose 1 mg/kg body weight (b.wt), group (II) animals were administered 2.0 mg of CdCl 2 /kg b.wt, group (III) control group received equal volumes of vehicle. Animals were sacrificed by decapitation on the seventh day.
Tissues preparation for histology 1-Light microscopy
The testes from all experimental groups were removed and fixed immediately in Bouin's solution for 48 hours. The tissues were then placed in ethanol 70 % for 24 hours, dehydrated, embedded in paraffin and sectioned at 5 µm, then stained with hematoxylin and eosin for evaluation of damage to seminiferous tubules with light microscope.
2-Transmission electron microscopy
Testes were immersed in 5 % glutaraldehyde in 0.1 M phosphate buffer at 4 °C for 3 h and post-fixed in 1 % osmium tetraoxide. After dehydration in graduated series of ethanol, the tissues were embedded in epon 812. Blocks with tissues were cut into semithin sections, then stained with toluidine blue and examined using a light microscope. Representative fields of semithin sections were selected. Ultrathin sections were stained with uranyl acetate and lead citrate then examined with TEM.
3-Immunofluorescent microscopy
Fluorescent microscopy was used to assess damages to tight junction (TJs), adherent junction (AJs) and intermediate filaments at the BTB by co-localizations of occludin, N-cadherin and vemintin, using testes from normal and CdCl 2 treatment groups. Frozen sections of testes were fixed in Bouin's fixative, and nonspecific binding sites were blocked with 10 % normal goat serum. In colocalization of occludin and N-cadherin sections were incubated with a rabbit antioccludin antibody (1:100) followed by a goat antirabbit IgG-Cy-3. For N-cadherin staining, sections were incubated with a mouse anti-N-cadherin (1:100 Zymed laboratories), anticonnexin 43 (1:100) followed by a goat antimouse IgG-FITC. For vemintin staining, sections were incubated with a mouse anti-veminten (1:100 Transduction Laboratories) followed by a goat antimouse IgG-FITC Dako, Trappes, France. Sections were then washed, mounted in Vectashield Hardset with 4',6'-diamino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA), and fluorescent microscopy was performed using an Olympus BX40 microscope equipped with Olympus UPlanF1 fluorescent optics. Slides incubated with normal rabbit antiserum were used as negative controls because immunoabsorption was not possible due to a lack of occludin, N-cadherin, connexin 34 and vimentin antigens.
RESULTS
Prepubertal rats (21 day old) were chosen as the animal model since they are more sensitive to the reproductive toxicity (Richburg and Boekelheide, 1996) . The sensitivity of young rats is attributed in part to differences in absorption, distribution, and metabolism between young and old rats (Heindel and Powell, 1992) .
Exposure to cadmium chloride treatment induced no significant differences in both testes and body weight compared to control group.
Testicular histopathology
Histology was evaluated using cross sections of paraffin embedded testis stained with H & E. Fig. 1 shows the histological alterations of the testes after low (1 mg/kg. body weight) or high (2 mg/kg. body weight) dose CdCl 2 administration for 6 days. Control group treated with saline showing normal testicular morphology and spermatogenesis, tubules lacking spermatocytes (Fig. 1a) . In contrast, severe histological changes were observed in the testes of rats from the low-dose CdCl 2 group, showed an extensive widening of the interstitial spaces. Moreover, some tubules showed complete necrosis and reduction of tubular lumen due to detachment and sloughing of spermatogenic cells. Since these detached spermatogenic cells lost the support and nurture provided by Sertoli cells, they can no longer survive and will eventually undergo apoptosis (Fig. 1b) . At high dose CdCl 2 group, in addition to the previous observations, the seminiferours tubules lost their typical architecture and a decrease of the intratubular tissue volume were seen. The testicular toxicity of Cd appeared to be mediated by a rapid apoptotic process as revealed by the increase numbers of pyknotic nuclei indicate apoptotic spermatogenic cells were distinctly observed in some seminiferous tubule (Fig. 1c) . Fig. 2 shows the transmission electron micrographs of the control normal Sertoli cell nucleus, spermatogonium, and spermatocyte ( Fig. 2a) and CdCl 2 -treated rat testes (Figs. 2b, 2c ). Sertoli cells with several vacuoles of different sizes and an increase in the density of cytoplasmic inclusions were seen at low dose group (Fig.  2b) as well as an apoptotic spermatogenic cell were distinctly observed at high dose group. An apoptotic cell is characterized by heterochromatin condensation and shrinkage of both cytoplasm and nucleus, and is surrounded by a normal Sertoli cell nucleus which is an indication of phagocytosis (Fig. 2c) .
Immunocytochemistry observations
The immunocytochemical localizations of Sertoli cell junctional proteins (SCJP) (i.e., N-cadherin, oocludin, connexin 43 and vimentin) were determined in testicular sections obtained from control and exposed rats to CdCl 2 (1 mg or 2 mg/kg/day) . The specific cells involved in the localization of these SCJP were found to be similar in both control and experimental groups; however, the intensity of localization differed significantly. Respective testicular sections incubated with normal preimmune mouse sera (negative controls) did not show any immunostaining. Using immunofluorescence analysis in cross sections of testes, after injection with low or high dose CdCl 2 for 6 days, showed the basal lamina proteins expressed typical component of tight ( Occludin), anchoring (N-Cadherin), gap junction (connexin 43) and cytoskeleton intermediate filament (vimentin) . Thus the majority of cadmium chloride tested, in addition to its disruption of spermatogenesis induced leakage of germ cell proteins from seminiferous tubules (STs) into interstitial fluid (IF); it effects on protein levels and was capable to delocalize the distribution of the three junctional proteins studied from membrane compartment such proteins have potential for use as biomarkers. Effects of cadmium chloride on occludin junctional proteins Fig. 3 shows the stage-specific expression of occludin in the seminiferous epithelium of control rat testes. Immunoreactive occludin was predominantly found near the basal compartment, consistent with its localization at the BTB. Occludin was expressed at high levels at the BTB during all stages of the seminiferous epithelial cycle, suggesting its importance in the maintenance of the BTB. Control occludin appeared to be localized to the cellular zone of the tunica propria, such as myoid cells and/or lymphatic endothelium, and the Leydig cells in the interstitium (Fig. 3a) . Cadmium treatment affects the distribution and localization of basal lamina proteins. Sections of low dose cadmium-treated testes showed that occludin was generally absent in the basal regions of severely disrupted epithelia and was present in the apical regions of Sertoli cells or in peritubular cells (Fig. 3b) . In high dose cadmiumtreated tubules, occludin levels were reduced in a dose -dependent manner. The decrease in protein levels associated with the disappearance of occludin associated with the disappearance of immunosignal from the membranous level at some places due to disruption of the close cell-cell (Fig. 3c) .
Effects of cadmium chloride on N-cadherin junctional proteins
Fig . 4 shows the stage-specific expression of N-cadherin in the seminiferous epithelium of control rat testes. Like Occludin expressions, immunoreactive Ncadherin was predominantly found in all cells from spermatogonium to the lumen, consistent with its localization at the BTB. N-Cadherin was expressed at high levels at the BTB during all stages of the seminiferous epithelial cycle, suggesting its importance in the maintenance of the BTB (Fig. 4a) . Cadmium treatment affects the distribution and localization of basal lamina proteins. Sections of low dose cadmiumtreated testes showed that N-cadherin found at the lateral surface of epithelial cells, in areas of cell-cell contact. N-cadherin immunoreactivity was occasionally associated with interstitial cells and all germ cells were devoid of staining (Fig. 4b ). Exposure to high dose cadmium chloride treatment induced obvious decrease in N-cadherin levels, associated with the disappearance of immunosignal from the membranous level at some places due to disruption of the close cell-cell. No staining was detected in most germ cells and most of the interstitial areas were devoid of staining (Fig. 4c) .
Effect of cadmium chloride on intermediate filaments vimentin
Vimentin was visualized by immunocytochemical staining. In Sertoli cells and germ cells from control rats, vimentin was seen surrounding the nucleus and extending apical extensions (Fig. 5a ). Exposure to low dose cadmium chloride caused a dramatic loss in the staining of the apical vimentin extensions with a concomitant increase in the perinuclear staining intensity (Fig. 5b) . Exposure to high dose CdCl 2 exposure showed an intense in vimentin staining as seen in the nucleus (Fig. 5c ), suggesting that vimentin filaments had collapsed towards both the Sertoli and germ cells nuclei in CdCl 2 exposed animals. Cadmium chloride induced germ cells apoptosis was detected by the presence of pyknotic germ cell nuclei as observed with both light and electron microscopy. These results demonstrate that one of the early effects of CdCl 2 is to interfere with the plasma membrane and to perturb its function, specifically its ability to establish cell-cell junctions that are essential for tissue homeostasis and control of cell proliferation and differentiation, such an alteration may play a specific role during carcinogenesis.
Effects of CdCl 2 on the gap junction protein connexin 43
As Cx43 in Sertoli cells is believed to play an essential role in the control of spermatogenesis, we hypothesized that down regulated of this Cx may lead to an alteration of the blood-testis barrier function, providing a possible explanation for the impaired spermatogenesis. In control cells (Fig. 6a) , a punctuate immunostaining for Cx43 along the plasma membrane of adjacent cells was observed in the control and treatment groups. The results showed that the expression of Cx43 at low and high doses CdCl 2 exhibited decrease of the intensity of staining compared with that of the control group in dose-dependent manner (Figs. 6b, c) .
DISCUSSION
The potential effects of CdCl 2 exposure on male reproductive system and fertility have attracted public attention in recent years. A survey of published scientific literature indicated that exposure to CdCl 2 could induce a large range of health problems including: dysfunction of BTB, decrease the secretion of gonadotropic hormone (GnRH), fertility, congenital malformations, prenatal death, intrauterine dysplasia; sexual dysfunction, abnormal embryonic development, etc. (Krichah et al., 2003 , Atesi et al., 2004 , Amara et al., 2008 .
Our results also showed that acute CdCl 2 -administration produced marked histopathological alterations. Intoxicated with Cd chloride showed an extensive widening of the interstitial spaces, interstitial fibroplasias with a progressive sloughing of germ cells from the seminiferous epithelium were apparent in tubules lumen due to alteration of Sertoli cells and detachment of spermatogenic cells. Since these detached spermatogenic cells lost the support and nurture provided by Sertoli cells, they can no longer survive and will eventually undergo apoptosis. Also, alterations in Sertoli cells lead to a progressive degeneration of gonocytes which ultimately slough off into the tubular lumen. As shown with light microscopy, the testicular toxicity of Cd appeared to be mediated by a rapid apoptotic process as revealed by the increase of the number of apoptic germ cells nuclei in the seminiferous tubules of treated rats. The toxic effects of cadmium on testicular histology were dose-dependent. In the present finding, in transmission electron microscopy, apoptotic spermatogenic cells appeared to engulf by neighboring Sertoli cells. Sertoli cells play an important role in clearing apoptotic spermatogenic cells by the process of phagocytosis. It is likely to be a self-defense mechanism (Maeda et al., 2002) . During spermatogenic cell differentiation, although more than half of differentiating spermatogenic cells die by apoptosis before they mature into spermatozoa (Dym, 1994) . The apoptotic spermatogenic cells can be energy source for Sertoli cells to support spermatogenesis (Xiong et al., 2009) . This observation agrees with other studies indicating the implication of apoptosis in the mechanism of cytotoxicity of Cd in testes (Krichah et al., 2003; Amara et al., 2008) and also in several organs of urogenital systems, including kidney, prostate, seminal vesicles and epididymis (Yan et al., 1997) . Apoptosis is a highly regulated process that can be triggered by both exogenous and endogenous factors which can activate intercellular components such as caspases, AIF, cytochrome C leading to final condensation and fragmentation of the nucleus. Among the various subcellular organelles potentially involved in apoptosis, both lysosomes and mitochondria have been shown to send death signals through the activation of specific stress sensors (Ferri and Kroemer, 2001 ). Moreover, exposure to Cd induces oxidative DNA damage due to an excess of oxygenderived free radicals (Atesi et al., 2004) . Our data suggests that metallothionein biosynthesis failed to protect DNA against the oxidative damage induced by Cd in the rat testis (Amara et al., 2008) .
In chronic exposures to lower doses, the greater availability of metallothionein, bound to cadmium, means that the testicular lesion is less aggressive as compared to cases of acute intoxication (Waissmann, 2006) .
Several mechanisms of Cd-induced testicular toxicity have been proposed. Lafuente et al. (2000) reported increased Cd accumulation in the hypothalamus, pituitary, and testis and decreased plasma levels of follicle stimulating hormone in rats, suggesting a possible effect of Cd on the hypothalamic-pituitary-testicular axis. Previous data also, suggests that reactive oxygen species (ROS) are involved in Cdinduced testicular damage (Oteiza et al., 1999) . Acute, as well as chronic, Cd exposure is associated with elevated lipid peroxidation in the lung, brain, kidney, liver, erythrocytes, and testis (Bagchi et al., 1997) .
In vitro studies, however, suggest that the Sertoli cell is the most vulnerable target of CdCl 2 and is more sensitive than Leydig cells to cadmium-induced damage (Clough et al., 1990) . In vivo injection of CdCl2 (30 ml/kg BW) to rats induced an increase in BTB permeability, indicating a disruption of inter-Sertoli TJs (Setchell and Waites, 1970) .
Studies by confocal microscopy illustrated that CdCl 2 disrupted TJ-associated microfilaments in rat Sertoli cells, which, in turn, damaged the BTB (Hew et al., 1993) . The CdCl 2 -induced damage of the inter-Sertoli TJ permeability barrier was proposed as a model for toxicological investigations of the BTB in vitro (Janecki et al., 1992) .
Our study showed that CdCl 2 disturbed the expression of more than one protein involved in cell adhesion (N-cadherin), and the formation of tight (occludin) and cytoskeleton intermediate filaments (vimentin) and gap junctions (connexin). Now, there is a strong evidence that these specialized junctional proteins are essential for the development and maintenance of spermatogenesis and that alterations of Sertoli-Sertoli cell or Sertoli-germ cell interactions may led to sterility in the male (Aumuller et al., 1992) . Therefore, impaired Sertoli cell junctional protein expression seems to be sensitive and specific biomarker for cytoxicity studies in vivo. The expression of Occludin protein is detected via immunofluorescence in the testes of rats expressed at high levels at the BTB during all stages of the seminiferous epithelial cycle, suggesting its importance in the maintenance of the BTB. Occludin appeared to be localized to the cellular zone of the tunica propria, such as myoid cells and/or lymphatic endothelium, and the Leydig cells in the interstitium. Cadmium treatment affects the distribution and localization of occludin level is associated with decrease of occludin staining in a dose-dependent manner at the TJs which in turn leads to an increase in BTB permeability. Similar to our study, occludin immunostain is detected at all stages of the seminiferous epithelial cycle in dogs (Gye, 2004) and Korean wild rabbits (Yoon et al., 2009) , in hamsters exposed to long-day photoperiods; the stage distribution was not reported (Tarulli et al., 2008) . Interestingly, occludin is not expressed in the seminiferous tubules of guinea pigs (Cavia porcellus) and men (Moroi et al., 1998) . These differences in occludin expression among species imply that the importance of occludin in regulating BTB integrity may be species-specific. Differences in the expression patterns among the rodent species may also be attributable to differences in antibody specificity among the antibodies used in the various studies (Ramos-Vara, 2005) .
Studies performed by Fiorini et al. (2008) with ZO-1 and N-cadherin antibodies or in Cx43-GFP transfected cells showed that these junctional proteins were closely associated with vacuoles in SerW3 cells exposed to DDT. These observations support the idea that vacuoles induced by the chemical can reflect an exaggeration of the physiological internalization of junctional proteins. Constitutive endocytosis of adherens, tight and gap junctions have been shown in numerous epithelial remodeling processes (Matsuda et al., 2004) . In the testis, junctional complexes located at the level of the blood-testis barrier between Sertoli cells are highly dynamic structures undergoing continuous remodeling. These junctions and their associated proteins are internalized by endocytosis and recycled to the new site of adhesion during translocation of germ cells from the basal to the adluminal compartment (Lui and Lee, 2006) . Exaggerated internalization of junctional complex proteins has been shown in response to various pathologic stimuli (Ivanov et al., 2005) .
In Sertoli cells of patients with impaired spermatogenesis, alteration of Cx43 expression has been suggested to be a marker of undifferentiated Sertoli cell functionality (Defamie et al., 2003; Altay et al., 2008) . Thus, it has been postulated that altered Cx expression is a consequence of impaired testicular function rather than the cause of the testicular pathology. However, these data do not exclude the possibility that in response to environmental toxicants altered Cx expression may represent one mechanism responsible for the dysfunction of spermatogenesis, as suggested by in vitro findings (Fiorini et al., 2004 (Fiorini et al., , 2008 Zhou et al., 2008) and studies in rat and trout in vivo exposed to endocrine disrupting chemicals (de Montgolfier et al., 2008) .
There are several ways by which toxicants can produce Sertoli cell dysfunction and testicular injury. Reproductive toxicants disturb apical cytoskeletal transport, induce microtubule-transport defects, alter germ cell attachment or decrease intercellular communication. This in turn will lead germ cell loss and disruption of the seminiferous epithelium. There is a growing list of environmental toxicants that appear to alter intercellular communication, such as dimet-acrylate, cadmium chloride (Cd), cisplatin, dichlorodiphenyltrichloroethane (DDT), dieldrin (DED), 1,3-dinitrobenzene (DNB) and pentachlorophenol (PCP) can decrease gap junctional communication in cultured Sertoli cell (Fiorini et al., 2004) . Since GJIC is important in normal cellular growth control, inhibition of intercellular communication of Sertoli cells by cadmium chloride may be an important mechanism of dysfunction of spermatogenesis. In the present research, the Cx43 expression decreased under the treatment of CdCl 2 in a dose dependent. The results suggest that CdCl 2 affected the GJIC by inhibiting the expression of Cx43 in seminiferous tubules, which may partially explain the mechanism of reproductive toxicity of CdCl 2 .
In the present study, the contribution of the collapse of Sertoli cell vimentin filaments to CdCl 2 -induced germ cell apoptosis needs to be explained. Vimentin filaments in the Sertoli cell are found both surrounding the nucleus and as apical extensions which radiate to the periphery of the cell where they associate with the plasma membrane in the region of attachment to germ cells. It has been proposed that these filament extensions are involved in maintaining the integrity of Sertoli cellgerm cell contacts (Aumuller et al., 1992) . These observations are in agreement with our previous study (Bekheet and Stahlman, 2009 ) which showed that gentamicin impaired Sertoli-Sertoli cell direct interaction by altering junctional proteins levels (mainly occludin) or by inducing rapid cytoplasmic delocalization of these membranous protein, or by inducing cytoplasmic vacuolization (mainly vimentin), may be an early event of Sertoli cell injury (Fiorini et al., 2004) . Also, DED, gossypol, CdCl 2 , Cisplatin or the mixed PDE3/4 inhibitor, Zardaverine which delocalized Zo-1, N-cadherin and CX43 from the membranes to the cytoplasmic compartment (Fiorini et al., 2004) or with other toxicants such as lindan, mono-(-2-ethylhexyl) phthalate or cadmium induce cytoplasmic redistribution of Zo-1 and CX43 (Defamie et al., 2001) . Also, studies by (Wiebe et al., 2000 ) using glyceroltreated rat testes have shown that the glycerol-induced disruption of inter-Sertoli TJs is associated with a dissolution of actin filaments and a loss of occludin staining at the TJs, which, in turn, leads to an increase in BTB permeability. These observations indicated the testicular toxicity exhibited by CdCl 2 . The changes in the distribution patterns of N-cadherin, ZO-1 and vimentine after CdCl 2 exposure can be associated with the increased sloughing of germ cells. Thus, alterations in expression of SCJP complexes can be one of the possible mechanisms that lead to an induction of germ cell loss within the seminiferous epithelium, which causes impairments in spermatogenesis and fertility. Since CdCl 2 in the present study and phthalate (Richburg and Boekelheide, 1996) cause alteration in expression of SCJP, it is tempting to suggest that expression of SCJP can serve as potent biomarker.
In conclusion, cadmium-induced loss of spermatogenic cells by apoptosis and ultrastructural changes in the Sertoli and spermatogenic cells cytoplasm. We observed that prepubertal administration of CdCl 2 might have delayed the maturation of the seminiferous epithelium during spermatogenesis. Also, CdCl 2 induced collapse in vimentin filaments may lead to alterations in germ cell apoptosis by a disruption in contact mediated communication between the Sertoli cells and germ cells. Consequently, intercellular junction proteins including occludin, N-cadherin connexin 43 and vimentin are primary and sensitive targets for CdCl 2 toxicity leads to an increase in BTB permeability. Suggesting that damage to Sertoli cell tight junctions induced by cadmium may be an underlying mechanism of their male-mediated reproductive toxicity. Notice immunofluorescent localization of occludin in the seminiferous epithelium in testes from a control rat, Occludin was found to be localized at the basal compartment of the seminiferous epithelium consistent with its localization at the site of the blood-testis barrier, occludin appeared to be localized at the cellular zone of the germ cells, lymphatic endothelium, and the Leydig cells in the interstitium (thick arrows). (3b). In low dose CdCl 2 -notice a moderate decrease in the intensity of immunoreactivity occludin levels found to localize to the basal compartment of the seminiferous epithelium and completely disappeared in affected areas (red arrows). (3c) At high dose of CdCl 2 exposure, showed high decrease in the intensity of immunoreactivity occludin levels in dose dependent manner (Astric). All magnifications 400x. 
